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The suitability of the test methods 
used for nanoparticles (NPs) is a 
topic of significant research interest. 
The current need in the field of NP 
ecotoxicology research is underlined, 
in order to assess appropriate test 
methods that take into account the 
unique elements of NPs, which dif-
fer from bulk materials. This thesis 
focuses on the effects of fullereneC60 
on the life cycle parameters of the 
benthic invertebrate Chironomus 
riparius by assessing two different 
exposure scenarios. 
d
isser
tatio
n
s | 197 | G
r
eta W
a
issi | A
cu
te a
n
d
 ch
ro
n
ic effects of ca
rb
o
n
 n
a
n
op
a
rticles fu
lleren
es(C
6
0 ) o
n
 a
qu
a
tic in
verteb
ra
te...
Greta Waissi
Acute and chronic effects 
of carbon nanoparticles
fullerenes(C60) on aquatic
invertebrate Chironomus
riparius
GRETA WAISSI 
 
Acute and chronic effects of 
carbon nanoparticles 
fullerenes(C60) on aquatic 
invertebrate Chironomus 
riparius 
 
Publications of the University of Eastern Finland 
Dissertations in Forestry and Natural Sciences  
 No 197 
 
Academic Dissertation  
To be presented by permission of the Faculty of Science and Forestry for public 
examination in the Auditorium N100 in Natura Building at the University of Eastern 
Finland, Joensuu, on December, 11, 2015, at 12 o’clock noon. 
 
Department of Biology  
 
Grano 
Jyväskylä, 2015 
Editors: Profs. Pertti Pasanen, Pekka Kilpeläinen, and Matti Vornanen 
Distribution: 
Eastern Finland University Library / Sales of publications 
P.O.Box 107, FI-80101 Joensuu, Finland 
tel. +358-50-3058396 
http://www.uef.fi/kirjasto 
ISBN: 978-952-61-1961-8 (nid.) 
ISSNL: 1798-5668 
ISSN: 1798-5668 
ISBN: 978-952-61-1962-5 (PDF) 
ISSN: 1798-5676 (PDF) 
Author’s address: University of Eastern Finland 
Department of Biology 
P.O.Box 111 
80101 JOENSUU 
FINLAND 
email: greta.waissi@uef.fi 
 
Supervisors:  Professor Jussi V.K. Kukkonen 
University of Jyväskylä 
Department of Biological and Environmental Science  
P.O.Box 35 
40014 JYVÄSKYLÄ  
FINLAND 
email: jussi.v.k.kukkonen@jyu.fi  
 
Docent Jarkko Akkanen 
University of Eastern Finland 
Department of Biology 
P.O.Box 111 
80101 JOENSUU  
FINLAND 
email: jarkko.akkanen@uef.fi 
 
Dr. Matti Leppänen 
                 Finnish Environment Institute  
                                P.O.Box 35 
40014 JYVÄSKYLÄ 
FINLAND 
email: matti.t.leppanen@ymparisto.fi   
 
Dr. Kukka Pakarinen 
University of Eastern Finland 
Department of Biology 
P.O.Box 111 
80101 JOENSUU 
FINLAND 
email: kukka.pakarinen@uef.fi 
 
Dr. Elijah Petersen 
Biochemical Science Division  
National Institute of Standards and Technology (NIST)  
100 Bureau Drive, GAITHERSBUR 
MD 20899 
USA 
email: elijah.petersen@nist.gov  
 
 
Reviewers:  Docent Olli-Pekka Penttinen 
University of Helsinki 
Department of Environmental Sciences 
Niemenkatu 73 
15140 LAHTI  
FINLAND 
email: olli-pekka.penttinen@helsinki.fi 
 
Professor Teresa Fernandes 
School of Life Sciences 
Heriot-Watt University 
EDINBURGH, EH14 4AS 
UNITED KINGDOM 
email: t.fernandes@hw.ac.uk 
 
Opponent:  Research Professor Anne Kahru 
National Institute of Chemical Physics and Biophysics  
Laboratory of Environmental Toxicology 
Akadeemia Tee 23  
EE-12618 TALLIN 
ESTONIA  
email: anne.kahru@kbfi.ee  
ABSTRACT 
The fascination with the field of nanotechnology originates from 
unexpected results leading to surprising findings and extensive 
innovations in various industrial sectors. While nanotechnology 
has grown at a rapid pace, the need to understand the possible 
environmental effects caused by these developments has 
become a crucial issue. There is a potential ecotoxicological 
hazard connected with the extensive production of 
nanoparticles (NPs) and possible releases into the environment 
have not yet been explored sufficiently well.  
There are several uncertainties when assessing 
nanomaterials, including carbon-based NPs, fullerenes(nC60), in 
an aquatic environment, since water is a matrix where 
substances may have the most significant environmental effects. 
The suitability of the test methods used for NPs is a topic of 
significant research interest. The current need in the field of NP 
ecotoxicology research is underlined, in order to assess 
appropriate test methods that take into account the unique 
elements of NPs, which differ from bulk materials such as 
hydrophobic organic chemicals and dissolved metals. This is 
above all due to their size, which creates nano-specific effects, 
and the ecotoxicological effects of these are not well known.  
This thesis focuses on the effects of carbon nanoparticles 
fullereneC60 on the life cycle parameters of the benthic 
invertebrate Chironomus riparius. The study species is one of the 
most relevant test organisms in ecotoxicology. It undergoes 
complete metamorphosis driven by complicated hormonal 
states during its larval phase and final emergence to adult 
midges. The goals of this research were to determine whether 
fullereneC60 has adverse effects on this benthic invertebrate 
under different exposure scenarios and to assess the responses 
in whole life cycle parameters of C. riparius. In this study two 
exposure methods were used: One is especially based on C. 
riparius feeding behavior, allowing fullerenes to settle down as a 
layer on top of the sediment, which simulates the exposure 
hotspots. The second method is spiking fullerenes directly into 
the sediments, which is a more commonly used method in 
ecotoxicology studies. 
The findings indicated that fullerenes have adverse effects at 
the lower end of the tested concentrations under the spiked 
sediment. When exposing larvae at the higher doses, cellular 
changes were observed by localizing the oxidative damage in 
larval tissues. Changes in life cycle parameters, such as larval 
growth or emergence rate, were not, however, as evident. This 
implies that when NPs are presenting at the smaller size, the 
effects are greater. For this reason, no traditional dose-response 
curve was detected, but instead, a bell-shaped dose-response 
curve was identified. Notably, there are effects on the life cycle 
parameters of C. riparius. 
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Muut asiasanat: Ecotoxicology; Carbon Nanoparticles; 
nanopartikkelit; hiilinanopartikkelit 
 
Yleinen Suomalainen Asiasanasto: surviaissääsket; Chironomus 
riparius; ekotoksikologia; nanohiukkaset; hiili; fullereenit; toksikologia; 
sedimentit; ravintoverkot 
 
 
Preface  
There are not enough words to express my gratitude. My 
supervisors Professor Jussi Kukkonen, Dr. Jarkko Akkanen, Dr. 
Matti Leppänen, Dr. Elijah Petersen and Dr. Kukka Pakarinen 
were my backbone during this overwhelming phase of life. I 
owe thanks to Professor Jussi Kukkonen for enabling me to have 
this opportunity and Dr. Matti Leppänen, Dr. Jarkko Akkanen 
and Dr. Elijah Petersen for their brainstorming around me and 
my subject. It was an honor to have an international supervisor 
in the field of nanoecotoxicology with me during this time.  
Special thanks are due to Dr. Jarkko Akkanen for widening my 
talents to become a research scientist and encouraging me to 
take up different opportunities, such as being elected board 
member of the Finnish Society of Toxicology (FST) and 
opportunities to participate in various conferences and trips. Dr. 
Kukka Pakarinen guided me during this whole period, creating 
ideas and giving much advice and guidance in the laboratory. 
Special thanks are due to her for the moments we spent, from 
disappointments to discoveries. These all were important 
contributions to reaching this goal in my life. 
I would not have been able to reach this final step without 
our ecotoxicology research group and all the support that came 
from them. I wish to thank all the members of the group: Inna 
Nybom, Kristiina Väänänen, Kaisa Figueiredo, Marja Noponen, 
Anna-Liisa Karttunen, Sari Pehkonen, Merja Lyytikäinen, Julia 
Keronen, Victor Carrasco Navarro, Sebastian Abel and Stanley 
Agbo; together we had a great research group. I thank Anna-
Liisa Karttunen for all of the TEM samples that you carried out 
for me. I thank the TEM maintenance group Martti Varhimo and 
Matti Savinainen for taking care of this essential part of my 
work. I owe many thanks to the people who worked at the 
Ecological Research Institute (ETI); Minna Rahkola-Sorsa, Päivi 
Väisänen, Kirsti Kyyrönen, also people in the laboratory Teija 
Ikonen, Eeva Luostarinen, Anne Ryynänen and technicians 
Tuomo Nilsen, Kari Ratilainen, Ilkka Kinnunen and Hannu 
Tarnanen. I also owe great thanks especially to Minna for 
guiding my Master’s thesis and thus leading me to a scientific 
career. I also thank Markku Viljanen, Hannu Huuskonen from 
the ETI, and the crew of Research Vessel Muikku, Matti and 
Joppe. You all created the basis of my studies and kindled my 
interest in reaching this goal. 
During this research period my family has grown by the 
addition of two special children, Mikael and Milla. My eldest 
daughter Nelli was only six months old when I started my 
research work. You were my joy and shooting stars at home and 
gave me the reason to carry on. I am grateful to my family and 
for their support, to my beautiful daughters Nelli and Milla, my 
lovely son Mikael, whose thoughts have given me a different 
view of life; it’s all about the way of thinking. I thank my family for 
giving me this chance to fulfill myself at home and also at work. 
I cannot thank enough my mother Tarja, my aunt Pirjo and her 
husband Heikki and my sister Sabine and her husband Olli, 
Leena and Pentti for all the support I have received.    
I thank my financial supporters of the Graduate School of 
Environmental Science and Technology (EnSTe), Maa- ja 
vesitekniikan tuki ry, the Finnish Konkordia fund, and the OLVI 
foundation. With these sponsors I was able to attend 
conferences in Berlin, Glasgow, Barcelona, and Helsinki. I am 
grateful for their financing of my research and conference trips.  
 
“The sky is the space´s earth. And the sky does not break down 
when the space shuttle lands on it” -The Dimension of The Space- 
Mikael 4 y. 
     
  
LIST OF ABBREVIATIONS  
 
 
AFW  Artificial fresh water 
BCNPs Black carbon nanoparticles 
C60  FullereneC60 
CNTs  Carbon nanotubes 
DLS  Dynamic Light Scattering 
DNOM Dissolved Natural Organic Matter 
DOC  Dissolved Organic Carbon 
dw  Dry weight 
EDS Energy Dispersive Spectroscopy 
ICP-OES  Inductively coupled plasma optical emission 
spectrometry 
LC/MS  Liquid chromatography coupled to mass 
spectrometry  
LC/UV  Liquid chromatography coupled to ultraviolet 
spectroscopy  
MWNTs Multi-walled carbon nanotube 
NPs  Nanoparticles 
OECD Organization of Economic Cooperation and 
Development 
ROS  Reactive Oxygen Species 
SEM  Scanning Electron Microscopy 
SWNTs Single-walled carbon nanotube 
TEM  Transmission Electron Microscopy 
THF   Tetrahydrofuran  
UV  Ultraviolet 
wm  Wet Mass 
ww  Wet Weight 
  
LIST OF ORIGINAL PUBLICATIONS  
 
This thesis is based on data presented in the following articles, 
referred to by the Roman numerals I-IV.   
 
I. Waissi-Leinonen G, Petersen EJ, Pakarinen K, Akkanen J, 
Leppänen M, Kukkonen JVK. 2012. Toxicity of fullerene 
(C60) to sediment-dwelling invertebrate Chironomus 
riparius larvae. Environmental Toxicology and Chemistry 
31: 2108–2116. DOI: 10.1002/etc.1926 
 
II. Waissi-Leinonen G, Nybom I, Pakarinen K, Akkanen J, 
Leppänen M, Kukkonen JVK. 2015. Fullerenes(nC60) 
affect the growth and development of the sediment-
dwelling invertebrate Chironomus riparius larvae. 
Environmental Pollution 206: 17–23. 
DOI:10.1016/j.envpol.2015.06.010 
 
III. Waissi G, Bold S, Pakarinen K, Akkanen J, Leppänen M 
T, Petersen E, Kukkonen JVK. Chironomus riparius 
exposure to fullerene-contaminated sediment results in 
oxidative stress and may impact life cycle parameters. 
(Submitted to Journal of Hazardous Materials: Special 
Issue “Nanomaterials in the environment: Recent 
advances in metrology, applications, and fate & 
transport assessment”). 
 
IV. Waissi G, Nybom I, Pakarinen K, Väänänen K, Akkanen 
J, Leppänen M, Kukkonen JVK. 2015. The chronic effect 
of fullereneC60-associated sediments in the midge 
Chironomus riparius – responses in first and second 
generations. (Submitted to Journal of Hazardous 
Materials: Special Issue “Nanomaterials in the 
environment: Recent advances in metrology, 
applications, and fate & transport assessment”). 
 
The publications are printed with permission from the 
publishers. The copyright for publication I is held by Wiley and 
II by Elsevier.  
AUTHOR’S CONTRIBUTION 
 
Paper I: The study was planned by EP, JA, ML, JK, KP and GW. 
The experimental work was carried out by GW with the help of 
KP. Data analyzing, interpreting of results and writing of the 
paper were done by GW with the constructive co-operation of 
the co-authors.     
 
Paper II: The study was planned by JA, ML, JK, KP and GW. 
GW performed the experimental work with the help of IN. Data 
analyzing and writing of the paper were carried out by GW with 
the supervision of co-authors.   
 
Paper III: The study was planned by EP, JA, ML, JK, KP and 
GW. Laboratory work was made by GW and SB. GW wrote the 
article with the co-operation of SB and with the constructive 
comments of the co-authors.  
 
Paper IV: The study was planned by JA, ML, JK, KP and GW. 
The experimental section was produced by GW with the help of 
IN and KV. GW wrote the manuscript with comments from the 
co-authors. Proof-reading was done with the co-operation of all 
co-authors.  
 
Elijah Petersen, EP; Jarkko Akkanen, JA; Jussi Kukkonen, JK; 
Matti Leppänen, ML; Kukka Pakarinen, KP; Inna Nybom, IN; 
Sina Bold, SB; Kristiina Väänänen, KV; Greta Waissi, GW.  
     
Contents 
1 Introduction ................................................................................... 15 
1.1 The new brand of nanoecotoxicology ...................................... 15 
1.1.1 The key elements in nanoecotoxicological research..................... 18 
1.1.2 Current challenges in adapting toxicity tests for NPs ............... 20 
1.2 Carbon nanoparticles (CNPs) .................................................... 22 
1.2.1 Environmental fate ..................................................................... 26 
1.2.2 Current knowledge on the effects of CNPs (Fullerenes) in aquatic 
invertebrates ........................................................................................ 28 
1.2.3 Technical challenges in the testing of fullerenes ......................... 31 
1.3 Chironomidae; Chironomus riparius .......................................... 32 
1.3.1 Biology and life cycle .................................................................. 32 
1.3.2 Role as an ecotoxicological test species ....................................... 33 
2 Study objectives ............................................................................ 37 
2.1 Testing of different exposure methods – Scenarios 1 and 2 .. 37 
2.1.1 Fullerene layer on top of the sediment ........................................ 37 
2.1.2 Fullerene mixed with sediment ................................................... 37 
2.2 Identifying responses and possible toxicological effects in 
different life cycle parameters ......................................................... 38 
3 Materials and methods ................................................................ 41 
3.1 Chemicals and used suspensions ............................................. 41 
3.2 The test organism Chironomus riparius ..................................... 41 
3.3 Experimental matrices ................................................................ 42 
3.3.1 Artificial freshwater and suspension preparation ...................... 42 
3.3.2 Artificial sediment ...................................................................... 43 
3.4 Experimental design ................................................................... 43 
3.5 Experimental equipment ........................................................... 44 
3.5.1 Spectroscopy ............................................................................... 44 
3.5.2 Light and Electron microscopy ................................................... 44 
3.5.3 Dynamic Light Scattering .......................................................... 47 
3.6 Performed Experiments ............................................................. 47 
3.6.1 Larval growth experiments ......................................................... 47 
3.6.2 Emergence experiments .............................................................. 48 
4 Results and discussion ................................................................. 51 
4.1 Exposure methods and effects of life cycle parameters......... 51 
4.1.1 Fullerene layer on top of the sediment (Papers I and III) ........... 51 
4.1.2 Fullerenes mixed with the sediment (Papers II and IV) ............. 58 
5 Concluding remarks and future perspectives ......................... 63 
5.1 Achieved milestones................................................................... 64 
5.2 Current research needs .............................................................. 67 
15 
 
  
1 Introduction  
1.1 THE NEW BRAND OF NANOECOTOXICOLOGY 
During the last decade synthetic nanoparticles (NPs) have been 
subject to extensive development, and research on these 
nanoparticles is critical. The definition of nanoparticles 
(manufactured or synthetized) covers particles that are 
produced for the purposes of nanotechnology and have at least 
one dimension within or under the range of 1 to 100 nm. Their 
size creates the NPs´ specific chemical and physiological 
properties (Morris and Willis, 2007). These properties are the 
key elements contributing to the extensive usage of NPs in 
different consumer products, such as cosmetics and textiles, 
leading to the variety of routes into environmental matrices 
(EPA Nanotechnology White Paper, 2007). It must be noted that 
synthetic NPs should be evaluated for the potential harmful 
effects that they may have on the environment, and thus the risk 
assessment of NPs should be evaluated (Handy et al., 2008). Test 
methods and guidelines for NPs are lacking, and there are 
insufficient research data on chronic exposures, even in species 
commonly used in ecotoxicology.     
Ecotoxicology covers research on the contaminants and the 
ecosystem, studying potential effects of toxicants on biological 
organisms in different hierarchies, for example at individual, 
population and community levels. While ecotoxicology itself is 
quite a new approach in the field of science and binds together 
the topics of ecology and toxicology, nanoecotoxicology is a new 
brand of this approach, which has arisen in the 21st century. 
Since the 1990s, the term nanotoxicology has gained more 
research publicity. The first studies on nano-sized particles 
mainly focused on in vitro cell cultures with a limited number of 
particle types (EPA Nanotechnology White Paper, 2007; Kahru 
16 
and Dubourguier, 2010). During this period, studies in the field 
of nanotoxicology increased and in the 2000s the number of 
publications reached over 1000 (Kahru and Dubourguier, 2010). 
The first studies that can be defined as belonging to a concept of 
nanoecotoxicology were published in a paper by Colvin (2003), 
where concern about the potential risks of unintended 
environmental consequences was raised. In this paper, 
particularly the exposure route in water is highlighted, leading 
to the conclusion that water is the environmental matrix where 
substances may pose the most significant threats. Although it 
seems that water-soluble NPs are difficult to create for the 
purposes of nanotechnology (Colvin, 2003), implications have 
been reported regarding stable colloidal fractions, for instance of 
fullerenes in water without surface modification (Mchedlov-
Petrossyan et al., 1997; Alargova et al., 2001; Andrievsky et al., 
2002). Ecotoxicological effects have also been documented in a 
water matrix (Pakarinen et al., 2011; Pakarinen et al., 2013). 
Later, more research on nanoecotoxicology has been published, 
now reaching a total of 375 records collected from a search in the 
ISI Web of Science, Thomson Scientific Search (Figure 1). 
The synthesis of NPs has been the major research area in the 
field of nanotechnology, with the aim of obtaining a variety of 
different NPs for the purposes of this field of research. These 
methods of synthesis have already been studied decades ago, 
when a method for gold NP synthesis was developed by 
Turkevich et al. (1951). In addition, great progress was made in 
NP synthesis in 1993, when Murray et al. (1993) presented a hot 
injection method in their research on quantum dots. Metal oxide 
NPs are widely synthesized (Hench and West, 1990; Kahn et al., 
2009; Kwon and Hyeon, 2011), and for instance, have been 
covered in studies on energy storage, catalysis or sensing, and in 
different biomedical applications, which are valuable elements 
for developing nanotechnology (Patzke et al., 2011). Notably, 
even though the synthesis of gold NPs was documented as far 
back as the year 1951 (Turkevich et al., 1951), there are still 
unknown and unresolved factors behind it. This indicates that 
the challenges of NP research are diverse; there is insufficient 
knowledge on the mechanisms behind the behavior and 
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formation of NPs, for example nucleation and growth (Carriazo 
et al., 2012), chemical reaction pathways (Niederberger and 
Garnweitner, 2006), assembly and agglomeration (Ba et al., 
2007), and solid-liquid/sediment-water interactions (Zaera, 
2012).  
  
 
Figure 1. Number of records from the search on nanoparticle research in the ISI Web 
of Science (Thomson Reuters). The search was made in August 2015 using the topics 
of “nanoparticles” AND “ecotoxicity”, “carbon nanoparticles” AND “ecotoxicity”, 
“fullerenes” AND “ecotoxicity” and “fullerenes” AND “toxicity”. 
 
 
Even though the research on NPs has recently increased 
exponentially, multiple gaps in knowledge still exist. Keeping in 
mind that naturally occurring NPs exist throughout the 
environment and thus organisms have adapted to them at a 
certain level, the importance of studying synthetic NPs is 
stressed, due to their unknown and unexpected effects. Together 
with the topic of NP synthesis, an area of intense study 
currently is the method of NP assembly. Using NPs to build 
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larger formations, in a similar way to putting LEGO bricks 
together to create new structures can lead to an almost infinite 
number of possibilities (Talapin, 2008; Heiligtag and 
Niederberger, 2013). CNPs have properties that allow them to 
be used in various environmental applications, such as energy 
storages, antimicrobial agents, aligned CNT membranes and 
sensors (Mauter and Elimelech, 2008). The most useful 
characteristics in terms of environmental applications are size, 
shape, surface area, and molecular, electronic, optical and 
thermal properties.  
The naturally occurring NPs are either organic, such as 
proteins and viruses, or inorganic NPs which may be formed, 
for instance, through geochemical reactions, microbial 
processes, wildfires or by volcanic action (Lead and Wilkinson, 
2006; Hough et al., 2008; Hough et al., 2011). There remains 
much more to be studied in this area, when different 
complexities or mixtures of NPs can and will be bound together, 
creating unexpected results with unknown properties, for 
instance the capability to bind and carry other molecules. 
Without question this area is one of the most fascinating and 
rapidly expanding fields in nanotechnology (Nie et al., 2010; 
Heiligtag and Niederberger, 2013). Above all, the current need 
for understanding the possible ecotoxicological effects of NPs 
recognizes that it is necessary first to identify studies using one 
NP in a certain acceptable matrix.   
1.1.1 The key elements in nanoecotoxicological research 
As discussed above, the size-dependent properties of NPs offer 
unique possibilities, which do not occur in bulk materials of the 
same elements. With the smaller size, the surface properties gain 
greater meaning, the shapes are more varied and the chemical 
aspects more extraordinary. These elements create nano-specific 
properties which can be provided in many technological 
approaches and are fascinating tools for technology. However, 
the need for NPs and biological interactions is highlighted and 
identified in many studies (Kahru and Dubourguier, 2010; 
Kahru and Ivask, 2013).  
19 
 
There are certain key elements which need to be taken into 
account when performing nanoecotoxicological research (Behra 
and Krug, 2008; Kahru and Ivask, 2013; Juganson et al., 2013; 
Kahru and Dubourguier, 2010). One is the selection of the NP to 
be studied, together with the appropriate test, and the capability 
to characterize the NP broadly and properly (Behra and Krug, 
2008; Kahru and Dubourguier, 2010). In fact, this is an aspect 
that is challenging to cover, and thus there are no guidelines or 
test methods for NPs. Secondly, the behavior of the NPs in the 
studied matrices needs to be understood in order to know the 
route of uptake into organisms. The third element is based on 
the selection of the used organisms and endpoints, which is an 
aspect highlighted in this thesis, and also more generally in 
ecotoxicology.  
Since NPs do not behave in the same way as traditional 
chemicals, the application of ecotoxicological test guidelines 
creates challenges. There are several points to be considered 
when a proper test organism and thus endpoints are selected. 
The dilemma considering aquatic testing of NPs lies in the 
estimated bioavailability of a certain NP, which means that 
changes in the physical and chemical properties of NPs in 
environmental matrices are not easily predictable. The fact that 
when adding NPs to water or other matrices, the properties of 
the particles are immediately changed, for instance due to 
aggregation processes and changes in solubility. Also, the 
interactions of NPs within organisms, between the environment 
and the target organs, need to be investigated. This underlines 
the importance of studying all characteristics of NPs in every 
exposure phase, if possible. Examples regarding such biotic 
factors are presented in studies with Daphnia magna (Tervonen 
et al., 2010; Heinlaan et al., 2008), where ingested particles are 
observed, but no absorption into cells can be proved.  
One identified gap in nanoecotoxicological tests is the wide 
use of different experimental methods in different matrices 
leading to difficulties when comparing research studies on NPs. 
Although environmental characteristics play a huge role in NPs´ 
behavior, the key point is to bring NP testing into line and start 
with a single test medium and single test species in order to 
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identify those effects that might occur, if any. If standardized 
matrices have been observed to change the behavior or 
characteristics of NPs, an alternative option should be evaluated 
and identified in every species.  
 
1.1.2 Current challenges in adapting toxicity tests for NPs 
Regulatory agencies have been struggling when seeking ways to 
carry out NP risk assessments.  No exact method for NP 
evaluation in ecotoxicological studies has yet been identified, 
but methods applied from existing ones have been conducted in 
different studies among the test species following various 
protocols, such as OECD standards (Tervonen et al., 2010; 
Waissi-Leinonen et al., 2012; Pakarinen et al., 2013; Waissi-
Leinonen et al., 2015). There is a need to be able to predict the 
behavior of NPs in experimental matrices, which has an 
influence on precision and repeatable results (Petersen et al., 
2015). The Finnish Environment Institute has also stressed the 
need for better understanding of environmental concentrations 
of NPs, their possible adverse effects and environmental 
hazards (Sillanpää et al., 2014)   
Modeling the fate of NPs in the environment is a key issue, 
also for regulatory purposes, in order to identify whether NPs 
pose a human and environmental risk (Ramaswami et al., 2005; 
Dale et al., 2015). The most apparent dilemma is that there are 
no data on current environmental concentrations of NPs, since 
they are very challenging to study due to the lack of techniques 
for analyzing them. Thus modeled estimations may provide 
aspects for identifying key NPs or species that are subject to 
risk. In a recent paper (Dale et al., 2015), modeling of NPs has so 
far been identified as occurring in three key processes, i.e. 
heteroaggregation, dissolution and sedimentation, which are 
kept in simple forms. However, it is obvious that increased 
research on NP behavior will produce even better and more 
exact modeled estimations. It was concluded that in the near 
future the research into fate modeling of NPs will take into 
account processes such as interactions with ligand (e.g. NOM), 
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resuspensions, and disaggregation, and also NP transformation 
products (Dale et al., 2015).             
Factors for creating consistent guidelines and the current 
need for additional research on NPs ecotoxicity testing are 
discussed in a recently published review paper by Petersen et al. 
(2015), where the key issues and research topics are listed. These 
issues are discussed to a certain extent below and are 
represented in Table 1. The problem of the NPs’ test 
characteristics are discussed; certain standard test media and 
test chambers are recommended for use in confirming the 
uniformity of the experiments. More research is needed between 
species, regarding the question of what is a suitable medium 
and chamber for tests, keeping in mind that these should be 
considered specifically for each organism and NP. In the case of 
sediment toxicity tests, two main spiking methods were raised, 
which were considered to be most relevant approaches for 
developing methods for NPs tests; 1) directly spiking with the 
sediments and 2) settling the particles onto the sediment from 
the overlying water forming a layer of particles on the surface. 
These are the routes through which exposure might also take 
place in environmental conditions: for instance a small yearly 
increase mainly due to wastewater releases and sudden high 
release through the outcome of a spill which can release 
particles to settle on the top layers of the sediments. 
The use of natural organic matter (NOM) is favorable as a 
natural dispersant, but no other dispersants are recommended 
for use (unless expressed in the commercial product 
formulation). There are no recommendations regarding the type 
of NOM to be used, and thus further studies are needed to fill 
this gap. Issues such as standard testing end points, chambers 
and the number of replicates were highlighted and need to be 
resolved for future testing. By focusing on these aspects, 
regulatory testing will improve and standard methods can be 
designed for future NP research.     
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Table 1. Recommended key issues and research topics on manufactured NPs adapted 
from a review paper by Petersen et al.  (2015). 
 
Identified Key 
Issue 
Key Research topics 
Exposure NPs suspensions preparation and maintaining stability. 
Studying alternatives such as flow-through systems for 
controlling the concentration in the test system due e.g. to 
aggregation and dissolution. 
Water column studies. 
 
Natural Organic 
Matter (NOM) 
Studying different types of NOM and NPs; effects on toxicity 
results compared to the type of the NOM, controls of used 
NOM need to be performed. 
  
Standard test 
media 
Need for studying a single test medium with the aim of 
maintaining organism health and environmental relevance. 
  
Sediment toxicity 
tests are suitable 
especially  
for NPs which are 
unstable in the 
medium 
Need for studies, especially for carbon-based NPs, for 
characterization methods in sediments. 
1.2 CARBON NANOPARTICLES (CNPS) 
The most promising carbon NPs in current applications of 
consumer products are fullerenes and carbon nanotubes (CNTs) 
(Figure 2). CNPs have properties that allow them to be utilized 
and manipulated for the purposes of advanced technologies, 
such as sensors, energy storages, probes and also in different 
environmental applications (Baughman et al., 2002; Mauter and 
Elimelech, 2008). In biomedical research, carbonaceous materials 
have implications for use in the transportation of drugs through 
tissues and for using CNPs as target transporters into cancerous 
cells or for acting as protein transporters (Martin et al., 2003; 
Kam and Dai, 2005; Kam et al., 2005). Carbonaceous materials 
possess special hybridization features based on their structural 
composition. In the ground-state, carbon´s orbital composition 
between six electrons is 1s2, 2s2, 2p2. The state of hybridization 
between the carbon-carbon bonds determines the chemical and 
electronic properties; carbons can be hybridized into a sp, sp2 or 
sp3 depending on the neighboring atoms (Ajayan, 1999; Mauter 
and Elimelech, 2008). Graphite, graphene, diamond, amorphous 
carbon and fullerenes all belong to the carbon allotropes.   
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Graphite is an allotrope of carbon which has a layered 
structure where carbon atoms are in a plane formation (Figure 
2). In the structure of planes, the atoms are bonded covalently, 
and because of the fourth electron´s ability to migrate in the 
plane structure, electrical conductivity is possible. A weak van 
der Waals bond occurs between the layers, and thus these bonds 
can easily be separated (Sofo et al., 2007).    
Carbon nanotubes consist of graphene sheet(s) in a cylinder 
formation, where the end is capped by fullerenes forming a 
tube-like structure. CNTs may be several micrometers long, but 
their diameter is on the nanoscale. They consist of sp2 carbon 
atoms, which are formed in either of two kinds of structures; 
single-walled (SWNTs) and multi-walled carbon nanotubes 
(MWNTs). As indicated in the name, the single-walled NTs 
have one cylinder graphene structure present, while in the 
structure of MWNTs more graphene cylinder layers are formed. 
(Mauter and Elimelech, 2008).  
Fullerenes are carbon allotropes similar to those that exist in 
graphene, but in spherical form, rolled up into cages, and in 
addition, fullerenes are electrochemically active (Figure 2). Due 
to their spherical or ellipsoidal formation, also named after the 
architect Bucminster Fuller, fullerenes are known as buckyballs 
or bucminsterfullerene, discovered first by Kroto et al. (Kroto et 
al., 1985). The fullerene C60, as illustrated in Figure 3, has a 
diameter of approximately 0.72 nm and consists of 60 carbon 
atoms, and this molecule is made up of twenty hexagons and 
twelve pentagons. The fullerenes C60 and C70 are the most 
common and stable forms and are also the most studied ones, 
thus being widely used compounds (Aschberger et al., 2010; 
Aschberger et al., 2011).  
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Figure 2. Different carbon structures; diamond, graphene, fullereneC60 and single-
walled nanotube in a zigzag formation. (http://what-when-how.com/nanoscience-and-
nanotechnology/fullerenes-and-carbon-nanotubes-nanotechnology/). Amorphous 
carbon (vislab.uq.edu.au). 
 
 
 
 
 
  0.72 nm 
Figure 3. The structure of fullereneC60. 
(https://en.wikipedia.org/wiki/Fullerene_chemistry). 
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Because of their unique shape, fullerenes are of great interest 
in the biological sciences, mainly due to their antioxidant 
properties (Mchedlov-Petrossyan, 2013). Fullerenes have a 
thermodynamically stable carbon shell which can resist heat, 
pressure and radiation (Duclos et al., 1991; Kang et al., 2009). As 
discussed above, in connection with the hybridization 
properties of carbon NPs, fullerenes have this characteristic of 
sp2 bonds being able to assemble in a variety of forms. When 
adding the functional groups to pristine fullerenes, they become 
water-soluble (Pycke et al., 2011). In the review article by 
Mchedlov-Petrossyan (2013), where fullerenes in a liquid media 
were discussed, the key issues included gaining a better 
understanding of the nature of the fullerene solutions, which is 
needed to begin with aquatic matrices. This implies the fact that 
the size distribution of fullerenes in the suspensions is strongly 
dependent on the preparation procedure used. Aggregation 
occurs because fullerene-fullerene attraction is stronger than in 
the case of water molecules. This leads to low solubility, even in 
solvents. The visual difference between graphene and the CNPs 
represented here is illustrated with Scanning- and Transmission 
Electron Microscopy (SEM and TEM) images (Figure 4).   
By manipulating CNPs, the structure and formation are 
changed under controlled conditions. Given that when 
carbonaceous NPs structures are manipulated, importance lies 
in the synthetic technique used, which can have huge variations. 
Based on the technique, for example the size is determined. For 
the use of applications, diameter is an important factor; for 
instance SWNTs have greater strain energies when presenting in 
a smaller scale, and smaller diameters have more use in 
molding, separation and size exclusion processes (Mauter and 
Elimelech, 2008). The high surface-to-volume ratio is a pattern 
specific to NPs. When the nanoscale is reached, the ratio 
between the surface area and volume is greater and thus the 
applications are more numerous. To a greater or lesser extent, all 
this is affected by the aggregation properties of NPs, which may 
be altered by reason of impurities.        
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Figure 4. Micrographs of CNPs made by SEM and TEM devices. A) Graphite B) 
aqueous nC60 C) MWCNTs, (Micrograph by Pia Kihlakaski) and D) SWCNTs. 
Pictures A and D are adapted from the article by Kang et al. (2009). 
 
1.2.1 Environmental fate  
As a result of the wide use of CNPs, release into the 
environment is an inevitable consequence, occurring either 
during normal product usage or at the end of the product’s life 
cycle. There are three routes of CNPs’ release, which can be 
identified as the phases of manufacturing, usage and disposal 
(Petersen and Henry, 2012). The main route for CNPs releases 
are believed to be through waste water treatment plants, which 
highlights the fact that CNPs end up in sediments and surface 
waters (Figure 5). Thus, aquatic organisms may be the first 
target of CNPs. In Figure 5 these routes and target ecotoxicity 
test organisms are highlighted in view of the aims of this thesis. 
The key issues for ecotoxicological tests taking into account the 
potential environmental releases of CNPs are presented in 
Figure 6: the exposure route, test preparation and endpoints 
used noted in this Figure.  
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Figure 5. CNP contamination in environments. CNPs most likely end up in sediment 
and surface waters, which are highlighted in the figure as being the aim of this thesis. 
Figure adapted from Petersen and Henry (2012). 
 
In the paper by Petersen and Henry (2012) the major concern 
in the ecotoxicology testing of CNPs is that there is no 
knowledge of real environmental concentrations. Some modeled 
estimations of concentrations have been documented 
(Gottschalk et al., 2009; Gottschalk et al., 2013a; Gottschalk et al., 
2013b; Sun et al., 2014). There are two possibilities in which 
amounts of CNPs can be released into aquatic ecosystems; 
through the expected yearly increase as estimated on the basis 
of models, such as Sun et al. (2014), or as an outcome of a higher 
leakage, representing hotspots or worst-case scenarios.  
Modeled data by Gottschalk et al. (2009) estimated that the 
average yearly increase of fullerenes (mode) in sediments in the 
United States is 2.5 ng/kg, and based on a certain model 
estimations (Sun et al., 2014), the yearly increase in fullerene 
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concentrations in sediments in Europe is approximately 400 
ng/kg. From these estimations, rough and realistic concentration 
ranges for exposures can be adjusted.     
Environmental fate modeling of carbon-based NPs was 
investigated in sediments by Koelmans et al. (2009); in this 
study, aspects such as agglomeration, sedimentation and 
estimations of natural NPs were involved, and the results were 
compared to black carbon nanoparticle (BCNPs) concentrations 
in sediments. It was assumed that the sediments’ top layer 
would be homogenously mixed and that these sediments would 
be where CNPs would end up. They concluded that, based on 
modeling data, the impact of manufactured NPs would not 
exceed that of BCNPs. 
 
1.2.2 Current knowledge on the effects of CNPs (Fullerenes) in 
aquatic invertebrates 
There are different mechanisms according to which nano-bio 
interactions may occur, both chemical and physical (Elsaesser 
and Howard, 2012a). These mechanisms include nano-bio 
interaction by which chemical mechanisms can occur as the 
production of reactive oxygen species (ROS), disturbation in cell 
membranes’ function or oxidative damage via catalysis or lipid 
peroxidation (Figure 7) (Elsaesser and Howard, 2012a). The 
main process in nanotoxicology is considered to be the 
formation of ROS species, which causes cell injury, possibly 
leading to cell death. Physical mechanisms are dependent on NP 
size and surface properties; NPs may interact and disrupt 
membranes and their activity, transport processes and protein 
conformation (Elsaesser and Howard, 2012a) (Figure 6).  
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Figure 6. Nanotoxicological mechanisms and NPs interactions with cells modified 
from Elsaesser and Howard (2012b). (All TEM micrographs in the figure captured by 
G. Waissi)   
 
 
There is no evidence on the absorption of CNPs into tissues, 
but their uptake in different species has been observed in 
various studies (Petersen et al., 2008; Tervonen et al., 2010; 
Pakarinen et al., 2011). It is obvious that adverse effects occur, 
but the mechanisms behind them are currently under urgent 
research. Figure 7 illustrates the physicochemical features 
needed to study the ecotoxicity of fullerenes. It also illustrates 
those parameters that have been noted to drive fullerenes’ 
toxicity. These parameters are, for instance, 1) surface chemistry 
if the suspension preparation method has impacts on the 
fullerenes´ surface properties, 2) particle and aggregation size 
may have an influence on exerted toxicity, 3) the composition of 
the used NPs, in order  to work out whether the purity is 
sufficient to exclude possible effects caused by impurities, and 
4) the crystal structure, if it is altered due to the suspension 
preparation process or during the exposure conditions (Johnston 
et al., 2010).  
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Figure 7. Physiochemical features which are needed when studying fullerenes’ toxicity. 
Figure adapted and modified from the article by Johnston et al. (2010). 
 
Studies on fullerenes´ ability to damage DNA in human cell 
lines have been documented though in vitro experiments, using 
methods such as the alkaline comet assay, where evidence on 
genotoxicity was shown (Dhawan et al., 2006). In aquatic 
organisms, fullerenes have been shown to induce oxidative 
stress, and to increase malformations and mortality in 
embryonic zebrafish (Usenko et al., 2007; Usenko et al., 2008). 
Effects on offspring production have been identified when 
studying crustaceans, such as D. magna and Hyalella azteca 
(Oberdorster et al., 2006) and there is also evidence on adverse 
impacts for the gills of fish Cyprinus carpio (Britto et al., 2012).  
The potential for generating ROS species in a water matrix 
was reviewed in a paper by Henry et al. (2011). They highlight 
that aqueous nC60 has a minimal influence on ROS production, 
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and when studying fish, the concentrations used are not 
environmentally relevant. However, as regards fish, there are 
still varying opinions about the oxidative stress after exposure 
to nC60strirred. Even though some indication of oxidative stress in 
fathead minnow has been documented by Zhu et al. (2006), 
contrary results have also been shown in a separate study by 
(Oberdorster et al., 2006), where the test species were fathead 
minnow Pimephales promelas and Japanese medaka Oryzias 
latipes. There are not many studies on CNPs and benthic 
invertebrates. In a study with fullerenes and Lumbriculus 
variegatus (spiked fullerenes 10 and 50 mg/kg sediment dw), 
evidence of destroyed cuticle fibers was observed, and 
fullerenes could be extracted from the pellets, but not in the case 
of worms (Pakarinen et al., 2011). Otherwise, only minimal 
effects were shown, even when quite high concentrations were 
used. In another study with L. variegatus CNTs were observed 
associating with sediment particles and thus remaining in the 
gut of this oligochaete (Petersen et al., 2008). There was no 
evidence of cellular uptake or absorption into tissues. 
1.2.3 Technical challenges in the testing of fullerenes 
From the literature, the main methods used for fullerene 
extraction and quantification in aqueous matrices have been 
recognized to be liquid-liquid extraction (LLE) and solid-phase 
extraction (SPE), both of which are used in biological samples 
(Pycke et al., 2011). Currently, the most frequently applied 
technique is LLE for extracting C60 from aqueous samples. This 
is a technique aiming to extract non-polar molecules from 
aqueous matrices into non-polar solvents, and the chosen 
solvent determines the efficiency of the extraction. For C60 
extractions, toluene is the most widely used solvent, and the use 
of salt in the extraction procedure is essential for gaining the 
highest recovery rate (Fortner et al., 2005). The other technique, 
SPE, is based on the idea of separating molecules from aqueous 
solutions into solid matrices, followed by extraction of the 
fullerenes into a chosen solvent. This method is not as common 
as LLE due to its weaker recovery results, but among the 
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advantages are the possibility of using large sample volumes 
and small solvent volumes. 
These techniques have been used in biological sample 
handling when analyzing fullerenes from matrices such as 
blood and liver (Moussa et al., 1997), plasma (Santa et al., 1995; 
Xia et al., 2006), tissue (Baker et al., 2008) and fish embryos 
(Usenko et al., 2007), or from effluents from wastewater 
treatment plants (Farre et al., 2010). For the analytical detection 
of fullerenes, UV-Vis spectrometry, is mainly used when 
analyzing fullerenes from biological and environmental samples 
(Pycke et al., 2011). For detection from plasma or skin matrices, 
the most usable devices are liquid chromatography coupled 
with ultraviolet spectroscopy (LC/UV) and mass spectrometry 
(LC/MS) (Xia et al., 2006). 
The preparation method used to make the aqueous fullerene 
suspensions is crucial, and nowadays the presence of other 
solvents at the preparation stage is not endorsed. There are 
examples of solvents that produce oxidative agents 
(Tetrahydrofuran THF) and are the cause of ROS activity 
(Zhang et al., 2009). Those studies which have been conducted 
in fish and have demonstrated oxidative stress prepared using 
THF as a solvent (Oberdorster, 2004; Zhu et al., 2006; Zhu et al., 
2007) do not demonstrate the actual fullerene toxicity. The most 
appropriate way of making nC60 suspensions is without 
solvents, and for the purpose of studying nanoecotoxicological 
effects, the most essential and most studied way has been noted 
to be the use of the stirring method (Oberdorster et al., 2006; 
Henry et al., 2007; Kim et al., 2010).  
1.3 CHIRONOMIDAE; CHIRONOMUS RIPARIUS 
1.3.1 Biology and life cycle 
Chironomidae are the most common insects in freshwater 
ecosystems and are distributed effectively in the northern 
hemisphere. The richness of the species is vast, with some 
estimations of the numbers worldwide being over 10 000. 
(Armittage et al., 1995). C. riparius, a non-biting midge, spends 
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its larvae phase in sediments as a sediment-dwelling 
invertebrate and uses any suitable particles such as algae, silt 
and micro detritus from the sediment surfaces as its food 
sources. Its life cycle can be divided into egg and larval stages 
with complete metamorphosis, following the pupa and finally 
adult stage (Figure 8). The life cycle can usually be completed 
within four weeks when controlled at room temperature (Ristola 
et al., 1999).  
The larvae phases of C. riparius in sediments include four 
instars, when the midge undergoes its entire development and 
larval growth rapidly, ending up as a pupa (Armittage et al., 
1995). During the larvae stages, the midges construct a tube 
from the sediment particles or other available particles from the 
surroundings. After the pupal stage the adults emerge from the 
water, the males tend to emerge faster and wait for the females. 
The adults mate and the females attach their eggs to aquatic 
plants or other places just below the water surface. The factors 
that have an influence on the development of midges include 
temperature and food availability or other environmental 
stressors.  
1.3.2 Role as an ecotoxicological test species 
Chironomids are used in ecotoxicological studies and for 
instance C. riparius and C. tentans are recognized as test species 
for the Organization of Economic Cooperation and 
Development (OECD) guidelines when studying sediment 
toxicity (OECD, 2004). They are well suited for bioassays, since 
aquatic organisms are exposed to many environmental 
pollutants and are also an important link in the food web. C. 
riparius larvae are widely used in sediment toxicity experiments 
and as an environmental stress indicator. For instance, 
chemicals as environmental stressors have been studied widely 
using Chironomidae due to the possible morphological 
abnormalities or deformities they may present. Their role in 
ecotoxicological studies is relevant because the larvae spend the 
main part of their lifetime in sediments. Changes in the head 
capsule structure indicate ontogenetic deformities, which is a 
widely used tool for assessing sediment toxicity. Changes may 
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occur in the mentum, mandibles, premandibles, epipharyngeal 
pecten or antennae (Figure 9). Chironomid have various life 
cycle parameters as described above and can easily be cultured 
in the laboratory within a reasonable time scale. C. riparius is 
also one of the most widely investigated species, covering 
research topics such as deformities and ability to tolerate long-
term environmental stress (Groenendijk et al., 1998; Ristola et 
al., 2001).   
 
 
 
 
 
Figure 8. The Life cycle of Chironomus riparius. The larvae phase includes four stages, 
during which it undergoes complete metamorphosis ending up as a pupa.  
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Figure 9. Photographs of the head capsule structures of C. riparius mentum and 
mandibles after fullerene exposure. Abnormalities indicated by an arrow A) control 
with the normal teeth. B) The asymmetrical central tooth. C) An extra tooth in the 
mandible. (Micrographs by G. Waissi). 
 
Studies with C. riparius have been performed widely under 
laboratory conditions since this species comes under the OECD 
test guideline (OECD, 2004). The guideline includes experiments 
on emergence rate and a 10-day larval survival and growth test 
by which determination of instar stages can be evaluated. Some 
main points are highlighted in the guideline: 1) the tests are 
conducted with spiked sediments, 2) assessing the used food 
source referring to the used toxicant, 3) the measured endpoints 
such as the total number of emerged adults and 4) the use of 
formulated sediment is advisable (OECD, 2004).  
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2 Study objectives 
After identifying the key elements of nanoecotoxicological 
research, this study focuses on one carbon nanoparticle 
(fullereneC60) and its potential effects on a species that is widely 
used in ecotoxicology, C. riparius, under artificial test conditions, 
using the OECD (2004) method. The main objectives can be 
divided into two parts: (1) to test exposure methods in larvae 
using two distinct exposure scenarios and (2) to identify 
responses and toxicological effects of fullerenes using different 
life cycle parameters in C. riparius, hypothesizing that different 
exposures lead to different responses (Figure 10).  
2.1 TESTING OF DIFFERENT EXPOSURE METHODS – 
SCENARIOS 1 AND 2 
2.1.1 Fullerene layer on top of the sediment 
Scenario 1 represents the exposure route that is directly 
available for C. riparius. Since larvae use particles from the 
sediment’s top layer as a food source, they are directly exposed 
to large amounts of fullerenes. Thus, scenario 1 enables us to test 
the potential effects of fullerene in a worst-case situation. Papers 
I and III study this exposure route; Paper I aims to discover 
different food doses and when it limits the possible adverse 
effects of fullerenes, while the scope in the Paper III is more 
widely focused on the possible effects and the mechanisms 
behind these effects. The experimental design is illustrated in 
Figure 10.    
 
2.1.2 Fullerene mixed with sediment 
Scenario 2 enables us to test a range of fullerene concentrations 
and is more commonly used in ecotoxicology studies as referred 
in the OECD guideline (OECD, 2004). Mixing the aqueous 
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fullerene suspension into a sediment creates the opportunity to 
test wide concentration ranges. In Paper II, the fullerene 
concentration range was set to 0.0004–80 mg/kg dw and the 
studied parameters were, for instance, larval growth and 
emergence rate. Paper IV investigates the concentration 
observed to be the most important according to the Paper II 
results, thus being in the range of 0.5–40 mg/kg dw fullerene. 
Paper IV expands the endpoints to also cover second generation 
larval growth and survival. 
2.2 IDENTIFYING RESPONSES AND POSSIBLE 
TOXICOLOGICAL EFFECTS IN DIFFERENT LIFE CYCLE 
PARAMETERS  
The aim of this thesis is to discover the responses that the two 
scenarios may cause in C. riparius at different life cycle 
parameters under fullerene exposures. This topic is covered by 
using various analytical methods and experiments ranging from 
an individual larva to development as an adult midge. As 
mentioned above, C. riparius has a multiphase life cycle and the 
parameters identified from these life cycle phases are used as 
endpoints in this thesis. Thus, the identified parameters are 1) 
larval growth and survival, 2) emergence rate, 3) larval 
microvilli length, 4) first generation breeding effort and 5) 
adaptation in the second generation (Figure 10). 
In order to understand the possible reasons behind the 
adverse effects that may occur after fullerene exposure, 
observations on general appearance of the cell structures, such 
as nucleus, mitochondria and other elements in larval tissue, 
were investigated on a certain scale. Also the generation of ROS-
species in the tissues were localized with the aim of finding 
those structures that respond to the exposure.   
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3 Materials and methods 
3.1 CHEMICALS AND USED SUSPENSIONS 
Crystalline fullerene (C60) powder (purity 98% and 99.5%) were 
purchased from Sigma-Aldrich (USA). Both powders were 
analyzed by inductively coupled plasma optical emission 
spectrometry (ICP-OES) to discover metal impurities. These 
results and more detailed information on the used chemicals are 
documented in Papers I and II. The purity of the 98% fullerene 
powder in Paper I and the purity of the 99.5% fullerene powder 
are described in Paper II.    
3.2 THE TEST ORGANISM CHIRONOMUS RIPARIUS 
The laboratory culture of C. riparius, obtained from the 
University of Eastern Finland, had the same light:dark period 
(16:8 h) in the culture room and in all exposures. In all of the 
studies (Papers I–IV) hatched first instar larvae (≤3d post hatch) 
were used, with the exception of the uptake experiment in Paper 
III, where the fourth instars were also used. The larvae were 
exposed individually in 50 ml glass containers with the purpose 
of excluding the possible effects of higher larval density on 
growth and mortality (Ristola et al., 1999). All exposures met the 
chironomid OECD guideline limits (OECD, 2004) regarding 
water quality parameters, including pH (6–9), dissolved oxygen 
content (> 60%) and temperature (20 ±1 ºC). The ammonium 
content (NH4+) did not rise to a harmful level 18 mg/L (Egeler et 
al., 2010). 
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3.3 EXPERIMENTAL MATRICES 
3.3.1 Artificial freshwater and suspension preparation 
Artificial freshwater was prepared by adding inorganic salts 
(MgSO4*7 H2O, CaCl2*H2O, KCl and NaHCO3, to MQ water, > 
18.2 mΩ, Ca+ Mg hardness 0.5 mmol/L). The suspension was 
made by adding C60 powder to artificial freshwater and stirred 
for two weeks at 1000 rpm (105 rad/s) using a magnetic stirrer. 
The suspension´s C60 concentration was analyzed at a 
wavelength of 335 nm (Bensasson et al., 1994) using a 
spectrophotometer (UV/vis spectrophotometer, Cary 50BIO 
Mulgrave, Australia). Absorbance at 335 nm was compared to 
the calibration curve documented in our previous paper 
(Tervonen et al., 2010). Suspension particle sizes were measured 
using TEM, where the largest dimension of particle was used. 
The aggregates that were formed were heterogeneously shaped 
and the size classes were mainly within the range of 100 to 400 
nm (Figure 11).  
 
 
 
Figure 11. Electron micrograph of aqueous nC60 suspension produced by the stirring 
method. (TEM micrograph by G. Waissi). 
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3.3.2 Artificial sediment  
The sediments were prepared following the OECD guideline 
(OECD, 2009) by mixing 20% of kaolinite clay, 75% of quartz 
sand (50% of the particles within the range of 50 to 200 μm), and 
5% of peat powder (Sphagnum sp.) on a dry mass basis, the pH 
being adjusted to 7.0 with CaCO3. Following a study on food 
dose assessments for C. riparius (Ristola et al., 1999), 0.5% Urtica 
sp. dw (particle size <0.5 mm) was used as the food source. 
Urtica was added in each treatment before the beginning of the 
experiment. The dry weight of the sediment was evaluated and 
measured, and total organic carbon content (TOC) was analyzed 
using Multi N/C 2100 Analytic (Jena AG Germany). 
 
3.4 EXPERIMENTAL DESIGN 
Scenario 1: The exposure conditions were created by modifying 
the version of the OECD standard method 218 (OECD, 2004). 
Firstly, 10 g of artificial sediment were added to 50 ml glass 
beakers and secondly, different volumes of fullerene suspension 
(2 ml, 15 ml and 40 ml) were added in order to achieve different 
fullerene concentrations (Treatments A-C). This was 
implemented by allowing suspended C60 agglomerates to settle, 
creating a layer on top of the sediment, and thus creating high 
concentrations, which allowed us to test the potential effects of 
C60 in a worst-case-scenario (Ganzleben and Foss Hansen, 2012). 
The fullerenes were allowed to settle for two days, creating a 
thin layer on the top of the sediment. C. riparius larvae were thus 
directly exposed to C60, since they use particles from the 
sediment surface as a food source. After two days the visible 
fullerene layer was formed and the water was removed and 
carefully replaced with 40 ml of artificial freshwater. Aeration 
was started after one day to ensure a stable layer of C60 on top of 
the sediment, after which freshly hatched larvae were added. 
Scenario 2: Papers II and IV used scenario 2. This was done 
by weighing a known amount of artificial sediment for each 
concentration and spiking it with the fullerene suspension by 2 
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h of vigorous stirring with a rotating metal blade. The sediment 
was weighed in 50 ml beakers and artificial freshwater was 
added. The beakers were aerated one day before adding the 
larvae. The sediment particle sizes were analyzed using TEM 
(Paper II) or by dynamic light scattering (DLS) (Paper IV).  
3.5 EXPERIMENTAL EQUIPMENT 
3.5.1 Spectroscopy  
For the detection of fullerenes in water or sediment samples and 
in the organisms’ tissues, UV-Vis spectrophotometry was used. 
As reported in a study by Pycke et al. (2011), the most 
commonly used and effective method is to first extract 
fullerenes by liquid-liquid extraction using toluene as a solvent 
and salt for destabilizing the electric double layer into the 
toluene phase, aiming to achieve a high recovery rate, and then 
to analyze the spectrum at the absorption peak of 335 nm 
(Bensasson et al., 1994). Spectroscopy was performed using a 
spectrophotometer Cary 50BIO Mulgrave, (Australia). Standard 
curves for both the fullerene powders used are presented in 
Papers I and II, being linear at the concentration range of 0.68–25 
mg/L (six points, r2 > 0.999, C60 98 %) and at the concentration 
range of 0.80–52 mg/L (seven points, r2 > 0.999, C60 99.5 %) 
(Figure 12). For the analyses, the stock suspensions were diluted 
(1:500) with artificial freshwater. The toluene extraction methods 
described by Pakarinen et al. (2011) were utilized in these 
experiments.  
 
3.5.2 Light and Electron microscopy 
Microscopy techniques were utilized to assess whether the 
fullerenes were entering the gut of the larvae. Light microscopy 
(Leica CME, Buffalo, NY, USA) was used (i.e. Paper I), where it 
was possible to detect fullerenes (magnifications 20, 40, 100 and 
400x) (Figure 13 A). For more specific analyses of larvae gut 
structure and tissues (Figure 13 B-C), transmission microscopy 
(TEM; Zeiss 900, West Germany, 50 kV incident beam energy) 
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was needed (magnification range 3 000 to 85 000x). In addition 
to high-resolution transmission microscopy (HRTEM; JEOL-JEM 
2100F, Tokyo, Japan, 200 kV incident beam energy, 
magnification range 50–1 500 000x) was used for the analyses. 
 
 
Figure 12. Standard curves at 335 nm for A) concentration between 0.68 and 25 mg/L 
(98% C60) and B) concentration between 0.8-52 mg/L. (99.5% C60) C) UV-Vis 
spectrum for fullerenes in toluene in AFW (Pakarinen, 2013).   
 
TEM observations of larvae were conducted with the aim of 
discovering the internal structural changes in the gut epithelia 
and to assess whether any histological changes could be 
observed (Figure 13 B-C). The length of the microvilli was 
measured from micrographs taken by TEM (Figure 13 D) and 
analyzed using the Olympus (DP-12) microscope digital camera 
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system in all the discussed papers (n = 400). Fullerene particle 
sizes in the suspension or sediment particle sizes were also 
measured using this method, by measuring the largest 
dimension of the particles for the size distribution analysis. For 
sample preparation and handling steps, TEM sediment or water 
samples were diluted and dried on copper grids coated with 
Formvar polymer. Organism samples were handled as 
described in the TEM sample preparation steps presented by 
Lounatmaa and Rantala (1991). When localizing tissues where 
oxidative damage can be observed by TEM, a method for the 
formation of a water-insoluble electron-dense precipitate of 
cerium perhydroxide (Ce(OH)2OOH) was used (Ellis and Grant, 
2002).     
 
  
Figure 13. Light- (A) and TEM (B-C) micrographs from C. riparius larvae. A) Light 
micrograph from the mid gut (x20) of larvae exposed to fullerenes B-C) TEM 
micrograph of larvae tissue close to the exoskeleton or microvilli layer for observation 
of histological changes. D) TEM micrograph of microvilli layer. GL = gut lumen, GW 
= gut wall, EDS = endoperitrophic space, ETS = ectoperitrophic space, ES = 
exoskeleton, MV = microvilli, MC = mitochondria, NC = nucleus, PM= peritrophic 
membrane. (Micrographs by G. Waissi). 
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3.5.3 Dynamic Light Scattering 
Dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern 
Instruments) was utilized for performing fullerene suspension 
particle size characterization (Papers II and IV) and for sediment 
particle size characterization in Paper IV. In addition, this 
method enabled the analysis of zeta potential. For preparation, 
the samples were diluted in an appropriate manner and 
centrifuged after analysis by DLS. 
The principle of DLS measurement is that particle sizes are 
determined according to random changes in the intensity of 
light scattered from the used sample. DLS is widely used with 
NPs, mainly metal NPs, but also when determining protein or 
latex sizes and colloids (Pecora, 2000). In DLS measurements, 
the parameter for particle size is reported as the z-average size, 
which is obtained from a complexity of weighted mean sizes. It 
can be understood that the z-average is the intensity-weighted 
consistent mean size, the z-average increasing as the particle 
size increases (Berne, B.J., & Pecora, R., 2000; Pecora, 2000). DLS 
includes particles of less than one nanometer and thus it is a 
useful technique for determining the size distribution of NPs in 
liquids (Berne, B.J., & Pecora, R., 2000), and is expected to 
become an even more widely used method in NP research 
(Pecora, 2000).   
3.6 PERFORMED EXPERIMENTS 
3.6.1 Larval growth experiments 
Larval growth was tested by means of 10-d growth experiments, 
in which the larvae would reach their last instar stage. This 
experiment is included in the OECD guideline (2004) for 
recognizing larval survival and weight, and was utilized with 
the aim of discovering a dose–response relationship, if any. The 
treatments covered 30 replicates at each concentration, which 
was estimated to be sufficient for experimental setups (pre-
experiment data not shown), and in addition five replicates for 
TEM samples were included. 
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 The larvae were sieved out from the sediments at day 10 (ᴓ 
200-µm sieve), counted and preserved in ethanol (94%). The end 
points used in the growth test were body length, head capsule 
length and width and larvae dry mass. For the TEM analysis, 
the middle part of the larvae was used and examined (Papers II–
IV), on the basis of the observations in Paper I.  In Paper IV, 
second-generation larvae were tested in a growth test 
performed in fullerene-associated sediment and in pristine 
conditions.  
Paper III investigates the body burdens of the larvae. This 
was done by the extraction method after the 10-d growth test. 
Acute (12 h and 24 h) and chronic (10 d and 15 d) studies were 
performed for studying the body burdens of exposed larvae. In 
the acute experiments larvae in the fourth instar stages were 
used, after they had first been grown in pristine conditions. 
Chronic experiments started with first instar stage larvae (≤3 d 
post hatch) and lasted for 10 d or 15 d. The extraction procedure 
was performed by measuring the wet masses of the larvae, 
which had been handled with salt and homogenized using a 
probe tip sonicator. After liquid-the liquid extraction protocol, 
the samples were analyzed using UV/Vis spectrophotometry 
and the controls were used to determine the background 
baseline. 
The larval growth test was also utilized for investigating 
reactive oxygen species (ROS), which is known to damage and 
degrade lipids, proteins and DNA (Petersen et al., 2013; Petersen 
et al., 2014) and is also known as one of the reasons for chemical 
processes in nanotoxicology. Localization of ROS species in the 
larvae tissues is based on their reaction with other molecules or 
catalyzation by the enzyme superoxide dismutase to form H2O2. 
For these experiments, larvae were exposed in acute and chronic 
exposures (12 h and 10 d) similarly as described above in the 
body burden measurements.  
 
3.6.2 Emergence experiments 
The chironomid emergence test follows the protocol of OECD 
(2004) aiming to monitor emergence and development rates. For 
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emergence experiments, test concentrations were selected from 
the results of growth data (Papers II–IV). Notably, the larvae in 
emergence experiments, were exposed individually in order to 
prevent factors that might appear under high larval densities 
(growth and mortality). Addition of food was needed after 10 d, 
and this was covered by adding a food suspension (TetraMin 
0.12 mg/larva/day), which has been noted to be sufficient for 
these bioassays (Ristola et al., 1999). During the feeding, aeration 
was stopped and the food suspension was gently added to the 
sediment surface. The containers were checked daily and 
emerged adults were collected, counted and their dry weight 
was measured using a microbalance. Their sex was also 
determined based on the form of their antennae (Figure 14). The 
length of the emergence experiments varied among the 
exposures from 28–42 days.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Determination of sex is based on the antennae of the midges, where males 
have plumose antennae (Micrographs by G. Waissi).   
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4 Results and discussion 
4.1 EXPOSURE METHODS AND EFFECTS OF LIFE CYCLE 
PARAMETERS 
The used exposure scenarios represented the two potential 
exposure routes of fullerene in aquatic systems; yearly increase 
estimated from models or as an outcome of higher leakage, 
representing the worst-case scenario. The worst-case scenario 
(Scenario 1) led to a situation where fullerenes had settled onto 
the top layers of the sediment, enabling us to observe the 
assumed worst effects. The quantity of settled fullerenes on top 
of the sediment for treatments (A-C) were in the range of 0.03–
0.56 mg/cm2, whereas in the fullerene-spiked sediments 
(Scenario 2) the concentrations ranged from 0.004-80 mg/kg dw 
understood as total ten concentrations.  
     
4.1.1 Fullerene layer on top of the sediment (Papers I and III) 
The most relevant section of the larval gut for microvilli 
measurements was observed to be the mid-gut area (Figure 15). 
Fullerenes were clearly packed in the gut of C. riparius, and nC60 
agglomerates were detected by TEM micrographs (Figure 15 B). 
Fullerenes caused histological changes in the gut structure, 
which was seen as decreased growth of the microvilli. These 
observations correspond to previous findings, where fullerenes 
have been documented as packing rapidly into the D. magna gut 
(Tervonen et al., 2010). In exposures with D. magna, the highest 
concentration can be considered to be similar to that in the 
exposure scenario used in this study. In acute experiments, D. 
magna utilize only fullerene particles as their food source, and 
thus the exposure event is similar to the one studied here with 
C. riparius. Similar TEM micrographs of the full-packed guts of 
exposed D. magna and C. riparius have also been documented 
(Tervonen et al., 2010; Waissi-Leinonen et al., 2012), indicating 
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that although rapid uptake occurs, no effects on mortality can be 
seen.  
 
  
Figure 15. TEM micrographs of the middle gut section in C. riparius. A) Controls and 
B) fullerene-exposed (0.36–0.55 mg/cm2) larvae microvilli were shorter and fullerene 
aggregates are shown (dashed arrows). GL = gut lumen, PM = peritrophic membrane, 
GW = gut wall. 
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The used food concentration of 0.5 % Urtica was observed to 
be a sufficient amount for these bioassays, considering the 10 d 
growth experiments. The bioassay properties were investigated 
and discussed for C. riparius in a study by Ristola (2000). The 
above-mentioned factors need to be considered in midge 
bioassays in NP ecotoxicological testing, and they are based on 
larval density and added food dose in experiments. First, larval 
density is needed in order to maintain stability; exposures 
should be conducted individually considering growth. Second, 
the feeding needs to be kept to a minimum and the fact that 
fullerenes may also bind to food particles needs to be 
understood as possibly having an influence on exposures. These 
factors were considered in this study, both in the growth and in 
the emergence experiments. Based on the investigations by 
Ristola (2000), in this study, too, the additional sufficient food 
source after the 10 d experiments was discovered to be 0.12 mg 
TetraMin/larva/d.  
Microvilli length was found to be significantly decreased at 
fullerene exposures of 0.36 to 0.55 mg/cm2 (treatment C), and 
thus the growth of the larvae was affected at the used food 
concentration of 0.5% (Urtica). Dry and wet mass, body length, 
head capsule length and width were all significantly decreased 
compared to control. This was not as obvious in the higher food 
dose experiments (0.8% Urtica), where differences were 
observed in wet mass and head capsule length. In neither of the 
two lower fullerene treatments (fullerene concentration ranges 
A 0.02–0.03 and B 0.18–0.21mg/cm2) were any effects on growth 
observed at the used food dose of 0.5% Urtica. Based on the 
investigations by Ristola (2000) and the results from the Paper I, 
the food source for fullerene bioassays was set to 0.5% Urtica for 
the following experiments. 
The method of fullerene extraction from the larvae was 
utilized as studied in Pakarinen (2013) and found to be an 
appropriate method when using C. riparius as a test organism. 
The extracted fullerenes after different fullerene exposures (A–
C) proved that uptake is higher after acute exposure (Figure 16). 
The trends in both acute and chronic exposures were similar; 
extracted fullerene amounts were lower after the second 
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timepoint. This indicates the ability to excrete fullerene from the 
gut tract, but also the rapid fullerene uptake by the organisms, 
which also proved that the larvae use fullerenes as a food source 
from the sediment’s top layers. No absorption into cells was 
observed. Further to our other investigations, the extraction 
method was not suitable for lower fullerene concentrations in 
spiked (scenario 2) sediments due to the restricting detection 
limit of UV-Vis (10 ng C60/mg ww) (unpublished data).    
After C. riparius were exposed to high fullerene densities, no 
major changes in emergence rate were observed. After 
analyzing the results combining all the fullerene treatments A–
C, the emergence rate was not found to be significantly different 
compared to control (Fig 17 A). Further, after examination of 
females and males separately, a trend which may affect 
population survival was seen (Fig 17 B). The gap between 
females’ and males’ emergence time increased in response to 
higher fullerene treatment by an order (A » C). This gap is 
important since if the time of emergence of males and females 
does not overlap, it might lead to a situation where adults fail to 
meet and reproduce due to their short life span. 
Possible histological changes in cell structures were studied 
after the fullerene treatments A–C, the corresponding ranges 
being between 0.02 and 0.49 mg/cm2. In this section, a method 
for identifying and localizing possible ROS species was found to 
be suitable. The method is based on the formation of a water-
insoluble electron-dense precipitate of cerium perhydroxide 
(CE(OH)2OOH) which can be detected by TEM. When cerium 
chloride is added to a thin section of a sample, its reaction with 
hydrogen peroxide adds these precipitates to tissues (Ellis and 
Grant, 2002). This enables identification of biomarkers of 
oxidative stress in whole organisms by localizing H2O2 
production. For identifying elemental composition and analysis 
of the cerium in tissues through EDS, the detection limit was 
observed to be under the EDS limit. On the external surface 
layer, where clear cerium-like precipitates were seen, cerium 
seemed to be abundant and only small amounts could be 
detected by EDS. 
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Figure 16. Box plots of the results for larval larvae body burdens after (A) acute (n = 6 
in treatment A for both timepoints; for treatments B, C, n = 7 for both timepoints) and 
(B) chronic exposures (treatments B, C n = 5 after 10 d; and B and C n = 5 and 6 after 
15 d, respectively while n=2 for treatment A after 15 d) to different C60 treatments. The 
symbol “+” indicates mean values, and whiskers indicate minimum and maximum 
values. Asterisks indicate significant differences from controls. ND = not detectable. 
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Figure 17 A–B. A) Cumulative emergence (%) of the midges exposed to thin 
fullerenes layers on the top of the sediment. Results where all fullerene treatments (A–
C) are combined. (n=18 and 55, respectively) B) Emergence day of the females and 
males between the treatments A–C. (n=18, 19, 19, 17, respectively). The symbol “+” 
indicates mean values, and whiskers indicate minimum and maximum values. 
Asterisks indicate significant differences from controls (Log-rank Mantel-Cox test, * p 
< 0.05) 
 
Although cerium has more than one characteristic peak over the 
spectrum, it seems to overlap with peaks from other elements 
more abundant in the sample, for instance carbon, oxygen, 
copper (originating from the grids) or osmium (used in the post-
fixation process). Thus, observations from generated ROS 
species were based on identifying clear precipitates, which were 
not as abundant in the control samples, nor were ever seen in 
tissue samples during the entire study period of this thesis. 
Precipitates were localized under the microvilli layer and 
between the lipid droplets (Figure 18 E–F and 19). One 
nanotoxicological change in cell structure is lipid peroxidation 
(Elsaesser and Howard, 2012a), which was seen here on the 
basis of the amount of observed precipitates. These were 
localized as being visible and the main target areas for oxidative 
stress, indicating possible lipid peroxidation. In the control 
treatments, precipitates were not observed to be as significant 
(Figure 18 A–C) as in the positive control (Figure 18 D-F) 
(exposure of 5 mg/l cadmium-spiked sediment) or fullerene 
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exposures (Figure 18). Heavy metal cadmium was chosen as a 
positive control since it is known to cause oxidative stress in C. 
riparius.  Further, precipitates were observed after the fullerene 
exposures of acute (12 and 24 h) and chronic (10 and 15 d) 
timepoints (Figure 19).  
 
 
Figure 18 A–F. TEM micrographs of C. riparius after 12 h or 10 d in the control and 
positive control (5 mg/l cadmium-spiked sediment). A–C) control after 12 h and D) 
positive control after 12 h exposure and E–F) after 10 d of exposure. The symbols MV, 
LD and NC indicate microvilli layer, lipid droplet and nucleus, respectively. Solid 
arrows indicate mitochondria, while dashed arrows indicate precipitates.   
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Figure 19. TEM micrographs of C. riparius after 10 d of exposure under a fullerene 
concentration of 0.02 (± 0.003) mg/cm2. The symbols MV, LD and NC indicate 
microvilli layer, lipid droplet and nucleus, respectively. Solid arrows indicate 
mitochondria, while dashed arrows indicate precipitates.   
       
4.1.2 Fullerenes mixed with the sediment (Papers II and IV)  
Fullerenes were spiked into sediment at a concentration range of 
0.0004–80 mg/kg dw in order to identify a possible dose-
response relationship. The most significant finding in the 
growth patterns studied with larvae was that a bell-shaped dose 
response curve was detected (Figure 20). Notably, the 
concentration ranged from 0.0025–20, and 80 mg/kg was the 
most significant range where decreased larval growth was 
observed, measured as body length. A similar trend was also 
observed for other analyzed endpoints; the head capsule length 
and width was decreased in 0.5–10 and 80 and 0.5–10 mg/kg dw, 
respectively. 
Interestingly, when analyzing the measured sediments´ 
particle sizes, a similar trend was seen as that noted in growth 
pattern (Figure 20, lower part). The sediment particle sizes were 
smaller in fullerene treatments of 0.025–10 mg/kg dw, which 
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was also observed in the highest fullerene treatment (80 mg/kg). 
Decreased growth occurred similarly in the highest fullerene 
treatment. Cumulative emergence was studied using fullerene 
concentrations of 0.5, 10, 40 and 80 mg/kg dw. The most 
significant finding was that the emergence rate was delayed in 
the lowest studied fullerene treatment (0.5 mg/kg dw C60) 
(Figure 21 A), which was seen to have an effect on the breeding 
effort of the midges. Similarly, the gap between males’ and 
females’ emergence time was changed and led to failure in 
breeding (Figure 21 B).  
On the basis of the observed effects on first-generation larval 
growth and development, the breeding effort and second- 
generation larval growth were studied. Fertilized egg mass per 
female was only 0.17 with the 0.5 mg/kg dw fullerene treatment, 
indicating that delayed emergence rate after the first generation 
has a dramatic effect on breeding effort. Further, at two of the 
higher tested fullerene concentrations (10 and 40 mg/kg) the 
fertilized egg masses/female were 0.50 and 0.73. However, the 
number of eggs per egg sac did not differ, which could indicate 
potential successfully hatched larvae. This was studied by 
performing a 10 d growth test with the second-generation newly 
hatched larvae under pristine and continuous fullerene 
concentrations as illustrated in Figure 22. 
The second generation’s larval development proved that 
those concentrations that did not cause changes in first-
generation larval growth, were almost identical (Figure 22). 
Thus, it can be assumed that fullerenes at these concentrations 
(here 40 mg/kg dw), do not have adverse effects on C. riparius, 
mainly because the particle size in the sediments are similar to 
those in the controls. Further to the observed decreased growth 
in first-generation larval growth at concentrations of 0.5 and 10 
mg/kg dw, larval growth of the second generation increased 
significantly in both in pristine conditions or after being moved 
to continuous fullerene exposures (Figure 22), even though the 
first generation´s breeding effort was low in the fullerene 
treatments. 
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Figure 20. Relative growth rate (body length) of larvae in a 10 d chronic test. 
Fullerene-associated sediments are compared to untreated sediments set as 100%. (n = 
30, 30, 30, 30, 27, 29, 28, 28, 27, 23, respectively). The lower picture represents 
relative sediment particle sizes in treatments compared to control sediments set as 100% 
(n = 400 for all parts). (Dunn´s and Dunnett´s Multiple Comparison test, *p < 0.05, 
**p < 0.01, ***p < 0.001). 
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Figure 21 A-B. A) Cumulative emergence (%) of the midges exposed to spiked 
fullerenesC60 in the sediment. Asterisks indicate significant differences from controls 
(Log-rank Mantel-Cox test, * p < 0.05, ** p < 0.01). B) Development times of females 
and males between the treatments. The symbol “+” indicates mean values, and 
whiskers indicate minimum and maximum values. 
 
     Multigeneration studies have been performed with D. magna 
by Arndt & Devrah (2014) after exposure to CNPs. The parental 
generation was exposed to fullerenes and CNTs and the effects 
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were observed in following generations; survival and 
reproduction was reduced. Similarly, adverse effects have been 
observed in following generations with D. magna, where the 
growth of adults was decreased and fullerenes were extracted 
from neonates (unpublished data). Interestingly, based on the 
observed effects found in this thesis, a rapid response was 
detected in terms of larval growth, and larvae seemed to 
increase their growth in the second generation. This 
phenomenon may either be a response arising from the fact that 
the parental generation were subject to exposure, since larvae 
were observed to hasten their growth after being moved to 
pristine conditions, or there were signs of rapid adaptation.      
 
 
 
Figure 22. Relative growth rate of body length after larvae were exposed to a 10 d 
chronic test. First generation and second generation in continuous fullerene exposure 
and pristine sediments. Exposures are compared to untreated sediments set as 100%. 
Open circles indicate larvae which have been moved to pristine sediments, and black 
circles represents the fullerene exposures. (Dunn´s and Dunnett´s Multiple 
Comparison test, *p < 0.05, **p < 0.01, ***p < 0.001). (n =30, 29, 28, 30, 29, 30, 29, 27 
and 28, respectively) 
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5 Concluding remarks and 
future perspectives 
Notably, the fourth richest element in the universe, carbon, 
indicates completely different features and gains wide new 
dimensions when presenting at the nanoscale. This thesis is one 
of the first thoroughly performed studies in ecotoxicology 
investigating fullereneC60 with one widely used test species, 
thus filling a gap in knowledge of test methods with fullerenes 
(Figure 23). Based on a recently published critical review by 
Petersen et al. (2015), where many of the proposed aspects can 
be found in study elements used here, this research was ahead 
of its time. While identifying key elements and current needs in 
NP research, this thesis provides answers to fill gaps in 
nanoecotoxicological research knowledge regarding fullerenes. 
As a dimension in nanoecotoxicological research, the idea of 
nano-specific effects is based on small size. It was observed in 
this study that the smaller size is associated with the more 
significant effects observed in the life cycle parameters of C. 
riparius (Figure 23).  
The key challenges when studying NPs lie in the selection of 
appropriate tools for assessing the impacts of NPs, and thus the 
selection of test organisms and methods is vital (Petersen et al., 
2015). This means that there is a need first to develop methods 
for studying exposure routes and for analyzing fullerenes in the 
test organisms and the environmental matrices. As a concern 
raised by Petersen and Henry (2012), NP ecotoxicity test 
methods need to be developed in order to identify potential 
hazards. Another of the key elements is the fact that there is no 
knowledge of real environmental concentrations of CNPs 
needed to adapt possible exposure scenarios. Currently, 
modeled data play a vital role and as described in the paper by 
Sun et al. (2014), the yearly estimation of the increase in 
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fullerenes in sediments located in Europe is 400 ng/kg. Focusing 
on the modeled estimations it was possible to draw up 
guidelines for the scenarios and concentrations used in this 
study.  
 
 
  
 
Figure 23. Illustration of the studied life cycle parameters in each paper. 
5.1 ACHIEVED MILESTONES  
Results from Papers I and II led to the focus on certain aspects 
discussed in Papers III and IV. Responses under scenario 1 
showed histological changes in cell structure and microvilli. It 
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was noted that fullerenes with high masses (large agglomerates) 
did not have negative effects on larval survival or growth (life 
cycle parameters), even though the larvae use fullerenes as a 
food source. Thus any adverse effects which may be found are 
expected to show in the first generation. However, histological 
changes in cell structure and observed oxidative stress were 
identified, which highlights the importance of also testing 
worst-case scenarios, since this may expose the mechanisms 
behind observed effects. The summary of the key findings are 
represented in figure 24.   
Fullerenes were detected in the gut tract of C. riparius when 
exposing them to high masses of C60. Linking these findings, 
influences on cell structure can be seen in Figure 25, which 
represents those histological changes that were observed in 
cells. These changes were localization of oxidative stress close to 
the lipid droplets, nucleus deformation and mitochondrial 
damage. While highlighting that the exposure scenario used in 
these observations was based on the worst-case scenario, more 
adverse effects on life cycle parameters were observed when 
studying scenario 2 at the lower concentration range. 
The most dramatic effects were detected at low fullerene 
concentrations, which showed as a bell-shaped dose-response 
behavior in larval growth patterns. This stems from the fact that 
particle sizes were in a linear relationship with larval growth.  In 
this thesis it was concluded that C. riparius is well suited for 
assessing the possible effects of the carbon NPs used, and the 
effects can be detected due to its variable life cycle parameters. I 
conclude that the endpoints used in this thesis are suitable for 
studying test methods for carbon NPs and that they represent 
the risks which need to be covered in nanoecotoxicological 
research.    
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Figure 25. Observed nanotoxicological changes in cell structures. (All TEM 
micrographs in the figure taken by G. Waissi)   
5.2 CURRENT RESEARCH NEEDS 
As documented by Pakarinen (2013) different water chemistry 
leads to different fates of fullerenes in the water phase. It was 
noted that the exposure scenario matters, having the most 
dramatic effects on the life cycle parameters of C. riparius at the 
lower fullerene concentrations.  Identifying possible effects by 
studying how fullerenes may cause nanotoxicological changes 
(as represented in Figure 6) and linking together the findings 
observed in this study (such as the findings illustrated in figure 
25), the following research questions warrant further research: 
 Localization of oxidative stress under fullerenes 
exposure scenario 2 (spiked sediments). 
 Natural conditions and exposure scenarios. 
 Possible DNA damage and possible effects on 
functioning in Golgi apparatus and thus identifying 
whether the effects in protein are misfolding and 
oxidation. 
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 Signs of deformities.  
 Chemical mixtures and combined effects of fullerenes 
on C. riparius life cycle parameters. 
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Acute and chronic effects 
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fullerenes(C60) on aquatic
invertebrate Chironomus
riparius
The suitability of the test methods 
used for nanoparticles (NPs) is a 
topic of significant research interest. 
The current need in the field of NP 
ecotoxicology research is underlined, 
in order to assess appropriate test 
methods that take into account the 
unique elements of NPs, which dif-
fer from bulk materials. This thesis 
focuses on the effects of fullereneC60 
on the life cycle parameters of the 
benthic invertebrate Chironomus 
riparius by assessing two different 
exposure scenarios. 
d
isser
tatio
n
s | 197 | G
r
eta W
a
issi | A
cu
te a
n
d
 ch
ro
n
ic effects of ca
rb
o
n
 n
a
n
op
a
rticles fu
lleren
es(C
6
0 ) o
n
 a
qu
a
tic in
verteb
ra
te...
Greta Waissi
Acute and chronic effects 
of carbon nanoparticles
fullerenes(C60) on aquatic
invertebrate Chironomus
riparius
